0 -disulfonic acid (DIDS; 1 mM), anthracene-9-carboxylic acid (A9C; 2 mM) and ethacrinic acid (0.5 mM). Singlechannel recordings revealed a 32 pS channel activating at negative voltages. It is concluded that the currents at negative potentials are carried by anion channels suitable for conducting anions from the cytosol to the vacuole. The anion channels were weakly calcium dependent, remaining active at physiological calcium concentration. The channels were almost equally permeable to Cl À , NO . Anion channels did not respond to ATP addition. cAMP (10 mM) had a weak effect on anion channels. Protein kinase A (0.4 U) added to the medium caused no significant effect on anion channels.
Isolated vacuoles of the liverwort Conocephalum conicum thallus cells were investigated using the patchclamp technique. At high cytosolic Ca 2þ activities, slowly activating currents were evoked by positive potentials. The currents were conducted by the SV (slow-vacuolar) channel. When isolation of vacuoles was carried out at high Mg 2þ and low Ca 2þ concentration and the same proportion of the cations was kept in the bath, currents were recorded at negative potentials. Once activated, these currents persisted even after replacing Mg 2þ with K þ in the bath. Sr 2þ and Ba 2þ
were also effective activators of the currents. With a Cl À gradient, 10 mM in the bath and 100 mM in the lumen, currents were significantly reduced and the current-voltage characteristics shifted towards the reversal potential of Cl À , indicating Cl À selectivity. Currents almost vanished after substituting Cl À with gluconate. They were strongly reduced by anion channel inhibitors 4,4 0 -diisothicyanatostilbene-2,2 0 -disulfonic acid (DIDS; 1 mM), anthracene-9-carboxylic acid (A9C; 2 mM) and ethacrinic acid (0.5 mM). Singlechannel recordings revealed a 32 pS channel activating at negative voltages. It is concluded that the currents at negative potentials are carried by anion channels suitable for conducting anions from the cytosol to the vacuole. The anion channels were weakly calcium dependent, remaining active at physiological calcium concentration. The channels were almost equally permeable to Cl À , NO
Introduction
Transport mechanisms across the vacuolar membranetonoplast are responsible, among others, for osmoregulation, signaling, regulation of cell metabolism and sequestering of toxic compounds. It is thus of great importance to understand vacuolar transport systems. The patch-clamp technique offers the possibility of direct examination of ion channels in isolated vacuoles. Most published data concern cation-permeable channels, mainly slow activating vacuolar (SV) channels. SV channels have been characterized in a large number of plant species and under different experimental conditions mimicking cytoplasmic and intravacuolar factors (Barkla and Pantoja 1996 , Allen and Sanders 1997 , Krol and Trebacz 2000 , Pottosin and Scho¨nknecht 2007 .
Far less is known about anion channels in plant vacuoles (Barkla and Pantoja 1996 , Allen and Sanders 1997 , Krol and Trebacz 2000 . Two major groups of anion channels have been characterized so far in higher plants: channels permeable to both malate and some other organic anions, such as fumarate and succinate (VMAL), and chloride channels (VCL), permeable to inorganic ions (Ping et al. 1992 , Barkla and Pantoja 1996 , Allen and Sanders 1997 . Vacuolar malate channels have been investigated mainly in crassulacean acid metabolism (CAM) plants (Iwasaki et al. 1992 , Cheffings et al. 1997 , Pantoja and Smith 2002 , Hafke et al. 2003 , but are also known in C 3 plants (Pantoja et al. 1992 , Plant et al. 1994 , Cerana et al. 1995 . There are also channels permeable to both chloride and malate (Pei et al. 1996) . A common feature of most anion channels in higher plant vacuoles is their kinetics of activation consisting of a fast, instantaneous component followed by a slow component with a time constant of up to 5 s. Anion channels exhibit inward rectification, i.e. they are suited for anion transport into the vacuole in the physiological tonoplast potential range À10 to À50 mV. Most of the anion channels are weakly affected by cytosolic Ca 2þ . The transporters of higher plant vacuoles responsible for anion re-entry into the cytosol remain to be characterized. trebacz@biotop.umcs.lublin.pl; Fax, In contrast to higher plants, anion channels conducting Cl À preferentially from the vacuole to the cytosol have been characterized in giant Characean algal vacuoles (Tyerman and Findlay 1989 , Berecki et al. 1999 , Berecki et al. 2001 . These channels are activated by an increase in cytosolic free calcium concentration, [Ca 2þ ] cyt , up to 100 mM at pH 7.4 and55 mM at pH 6.0 (Berecki et al. 2001) .
The object of our study, the liverwort Conocephalum conicum, is phylogenetically located between algae and higher plants. It belongs, as other liverworts do, to the oldest terrestrial plants (Qiu et al. 1998 ). Conocephalum has a simple structure without conducting bundles and stomata. It is an excitable plant. It generates action potentials (APs) in response to different stimuli (Paszewski et al. 1982 , Dziubinska et al. 1983 , Trebacz and Zawadzki 1985 , Trebacz et al. 1997 , Krol et al. 2003 . Recently, Conocephalum has become the subject of patch-clamp studies Scho¨nknecht 2000, Trebacz and Scho¨nknecht 2001) . It has been demonstrated that the vacuole of C. conicum possesses functional SV channels. SV channels are ubiquitous among terrestrial plants (Embryophyta) but are absent in algae (Hedrich et al. 1988 ). Here we present evidence that anion channels similar to VCL and VMAL channels of higher plants exist in the tonoplast of this liverwort. Different aspects of anion channel characteristics, including permeability, susceptibility to inhibitors and selected metabolic factors, are presented.
Results

Divalent cations activate currents at negative potentials
Currents recorded with isolated vacuoles differed tremendously depending on the ionic composition of the solution used for both isolation and perfusion. In solutions containing 2 mM CaCl 2 and 100 mM KCl in the bath (and in the pipet), currents passing through SV channels were recorded (Trebacz and Scho¨nknecht 2000) . SV currents exhibited typical slow activating kinetics at positive command potentials with nearly no current at negative potentials (Fig. 1A) . Calcium in the bath is necessary to activate the SV channel Neher 1987, Ward and Schroeder 1994) . The SV channel is an unselective cation channel, mainly conducting K þ but also Ca 2þ with the bath solutions present. In contrast, under high magnesium and low calcium concentration (50 mM MgCl 2 , no CaCl 2 added) in the bath, significant currents were recorded at negative potentials (Fig. 1B) and nearly no currents at positive potentials. These magnesiumactivated currents displayed characteristic kinetics consisting of an instantaneous phase followed by a slow phase. None of the abundant vacuolar cation channels (SV, FV or VK) shows this voltage dependence and kinetics, and none should be active under the conditions (high Mg 2þ no Ca 2þ ) applied (Bru¨ggemann et al. 1999 , Pei et al. 1999 . Currentvoltage characteristics of SV and Mg 2þ -activated currents are compared in Fig. 1C and D.
Once currents at negative potentials had been activated by magnesium, increasing the Ca 2þ concentration in the bath resulted in the appearance of large SV currents at positive potentials ( Fig. 2A, C) . As before, SV channels were activated by Ca 2þ , but this time the current was mainly carried by Mg 2þ . Negative currents were slightly increased by cytosolic Ca 2þ (see below). This demonstrates that SV currents at positive potentials and magnesium-activated currents at negative potentials are regulated independently. Depending on the ionic composition of the bath, these currents can be recorded separately (Fig. 1) or together (Fig. 2) . Substituting 50 mM MgCl 2 with 100 mM KCl in the bath (at 2 mM Ca 2þ ) caused only small changes in current amplitudes (Fig. 2B, D) , provided that they were applied already during vacuole isolation (Fig. 4) . This indicates that the activation of currents at negative potentials was not an Mg 2þ -specific effect, but could be brought about by other divalent cations as well. High Ca 2þ concentrations (50 mM) resulted in bursting of isolated Conocephalum vacuoles. This prevented us from testing the effect of high Ca 2þ on channel activation at negative potentials. At 2 mM Ca 2þ which was routinely used to activate SV channels, no currents were activated at negative potentials (Fig. 1A ).
Currents at negative potentials are due to anion channel activity To characterize further the currents activated by divalent cations, experiments were performed with vacuoles that had been isolated in the presence of 50 mM MgCl 2 . This high Mg 2þ concentration resulted in the stable and reliable activation of currents at negative potentials.
To identify the ion channel that is responsible for whole-vacuole currents at negative potentials, singlechannel recordings were performed. The recordings were carried out with small cytoplasm-out patches immersed in a bath solution known to activate the negative currents, i.e. 50 mM MgCl 2 . Starting at about À50 mV, with increasing negative potentials increasing single-channel activity was observed (Fig. 5A) . Occasionally, singlechannel openings appeared at high positive voltages, but we currently have no evidence of whether this activity is caused be the same or a different ion channel. All-points amplitude histograms of single-channel currents were fitted by a sum of equidistant Gaussian distributions ( Anion channels in Conocephalum vacuolesingle channel (Fig. 5C ) and a voltage-dependent open probability (Fig. 5D) .
To investigate the selectivity of the magnesiumactivated currents at negative potentials, the MgCl 2 concentration in the bath was decreased from 100 to 10 mM by bath perfusion (with 100 mM MgCl 2 in the pipet). As a result, negative currents decreased in amplitude (Fig. 6) , and the x-axis intercept of the I-V curve shifted to negative potentials, of about À50 mV. The pronounced decrease in current amplitude, from 42,000 to 5200 pA at À120 mV, is caused by two factors. First, a decrease of Cl À from 200 to 20 mM is expected to decrease the amplitude of an anion current by up to a factor of 10. A 10-fold decrease indicates a large K m value for Cl À . Secondly, the shift in reversal potential by about À50 mV decreases the electrical driving force and thus the amplitude. A 10-fold MgCl 2 gradient between the bath and the pipet results in an equilibrium (Nernst) potential for Cl À of E Cl ¼ À52 mV and for Mg 2þ of E Mg ¼ þ23 mV (for the calculation of equilibrium potentials activity coefficients were taken into account). It is obvious from Fig. 6 that the reversal potential comes very close to the Nernst potential of Cl À , clearly indicating selectivity for anions. Summarizing, the data from Fig. 6 indicate that the negative currents were carried by strongly rectifying anion channels conducting Cl À from the bath (cytoplasmic side) into the vacuole.
To corroborate further that anion channels were activated by Mg 2þ , chloride in the bath solution was substituted by gluconate (Fig. 7) , an anion impermeable for most anion channels. This was done in the following way. After anion currents had been activated with magnesium (see above), MgCl 2 was substituted by KCl in the bath (compare Fig. 2) . Very low Ca 2þ in the bath solution (0.2 mM) prevented activation of SV channels (compare Figs. 1 and 2) , and only currents at negative potentials carried by Cl À were recorded (Fig. 7A) . The slower activation kinetics observed in Fig. 7A with fast activation in Figs. 1 and 2 show two extremes of the natural variation of the biphasic activation kinetics that were observed during the recordings. Finally, KCl in the bath was substituted by K-gluconate by bath perfusion, which resulted in the complete disappearance of anion currents at negative potentials (Fig. 7B ). I-V curves (Fig. 7C) show that gluconate blocked currents at negative potentials. This corroborates that these currents were carried by anion flux into the vacuole.
To investigate further the selectivity of the anion channel, different anions were perfused in the bath medium. Substituting for chloride, NO À 3 , SO 2À 4 and malate 2À were tested. Fig. 8 compares current amplitudes at À100 mV command potential with different anions on the cytoplasmic side.
Addition of malate to media-instead of Mg 2þ -was not sufficient to activate anion currents in C. conicum. This is different from Kalanhoe¨daigremontiana or Arabidopsis thaliana (Cerana et al. 1995 , Pantoja and Smith 2002 , Hafke et al. 2003 , where malate was shown to activate anion currents.
Addition of 4,4 0 -diisothicyanatostilbene-2,2 0 -disulfonic acid (DIDS; 1 mM), anthracene-9-carboxylic acid (A9C; 2 mM) or ethacrinic acid (0.5 mM), known inhibitors of anion channels, caused substantial reduction of the anion currents (Fig. 9) .
The calcium dependence of the anion currents was examined after their activation by a high magnesium content in the bath. This was done at two different vacuolar free Ca 2þ concentrations and a variety of cytosolic free Ca 2þ concentrations (Fig. 10) . Concentrations of 5 Â 10 À5 and 2 Â 10 À3 M free Ca 2þ in the pipet were taken to reflect the extreme values reported for vacuolar free Ca 2þ (Felle 1988 , Bethmann et al. 1995 . In the bath, 0 ($10 À9 ), 2 Â 10 À7 , 2Â 10 À6 , 2Â 10 À5 , 2Â 10 À4 and 2 Â 10 À3 M free Ca 2þ were perfused to test different cytosolic Ca 2þ levels. Unlike SV currents, which nearly vanish after reducing free Ca 2þ from 2 Â 10 À3 to 2 Â 10 À4 M Ca 2þ in the bath (not shown), anion channels were active in the whole [Ca 2þ ] cyt range investigated (Fig. 10) . The anion currents exhibited no significant dependence on vacuolar Ca 2þ . Cytosolic free Ca 2þ had a weak effect within the physiological range (up to 2 Â 10 À5 M). At higher free Ca 2þ , a significant increase in anion currents was observed. This Ca 2þ effect-in contrast to the Mg 2þ activation-was entirely reversible. In addition to ions, different metabolites, which in intact cells may influence ion channel activity, were examined. ATP (1 mM) did not affect anion currents. In guard cells of Vicia faba, malate currents were registered in the presence of a calcium-dependent protein kinase (CDPK; Pei et al. 1996 ). Here we tested the effect of protein kinase A (PKA) on vacuolar currents. PKA (0.4 U) had no significant effect on the vacuolar currents carried by anions. cAMP, known to activate animal ion channels (Hille 2001) , did not affect anion currents in vacuoles of C. conicum when added at 10 mM concentration (not shown).
Discussion
The results shown above give the first characterization of negative currents in isolated vacuoles of the Anion channels in Conocephalum vacuoleliverwort C. conicum. These currents are strongly inward rectifying ( Fig. 1) , i.e. are carried by anions flowing from the cytosol to the vacuole. A current analysis under asymmetrical MgCl 2 (Fig. 6) showed a reversal potential, which did not significantly deviate from the Nernst potential of Cl À . This indicates that anion flux from the cytosol into the vacuole is carrying the observed inward currents. This was corroborated by (i) a substantial reduction of current amplitudes at reduced cytoplasmic Cl À concentrations (Fig. 6) ; (ii) a disappearance of negative currents after substituting cytoplasmic Cl À by gluconate (Fig. 7) -an impermeant anion; and (iii) an inhibition of negative currents by anion channel inhibitors (Fig. 9) .
The inward currents were activated when the bath solution on the cytoplasmic side of the vacuole contained a high concentration of divalent cations while Ca 2þ was low or virtually absent (with EGTA added). No comparable effect of divalent cations was observed on the luminal side of the vacuolar membrane. The probability of current activation significantly increased when isolation of vacuoles was carried out with 50 mM Mg 2þ and no Ca . The open probability of single channels (P O ) was calculated from 31 s of recording by all-points amplitude histograms as shown in B. All-points amplitude histograms were fitted by a sum of equidistant Gaussian distributions assuming independent gating (i.e. a binomial distribution) resulting in P O ¼ 0.324 AE 0.004 at À120 mV, P O ¼ 0.259 AE 0.0034 at À100 mV, P O ¼ 0.195 AE 0.0052 at À80 mV, and P O ¼ 0.117 AE 0.0026 at À60 mV. To calculate the voltage dependence of whole-vacuole currents, the whole-vacuole I-V curve (from Fig. 1D ) was corrected for the background I-V curve, which was calculated by linear regression from À20 to þ80 mV (were no single-channel activity was observed). The resulting whole-vacuole current amplitudes were divided by single-channel current amplitudes (from B) at the corresponding voltage. In this way, the average number of open channels per mm protein because substituting magnesium with potassium and even addition of Ca 2þ to the medium did not abolish the activation (at least within approximately 1 h). We demonstrate here that in addition to Mg 2þ , other divalent cations Sr 2þ and Ba 2þ are able to activate the inward current, although, in contrast to magnesium, they seem to have rather minor physiological relevance. An alternative explanation of the mechanism that activates the anion channels may rely on interaction of divalent cations -activated currents at negative potentials in Conocephalum conicum vacuoles are inhibited by replacing chloride by gluconate. Records were carried out in a cytoplasmout macropatch. The pipet solution contained 100 mM KCl, 2 mM CaCl 2 , 15 mM MES, pH 5.85. Bath solution in (A) consisted of: 100 mM KCl, 2 Â 10 À4 mM CaCl 2 (200 nM) buffered with 5 mM EGTA, 15 mM HEPES, pH 7.2, and in (B) 100 mM K-gluconate, 2 Â 10 À4 mM CaCl 2 , 15 mM HEPES, pH 7.2. Voltage protocol is given at the top of the figure. (C) Current-voltage relationship before (open squares) and after replacing KCl in the bath with K-gluconate (filled squares). Average of four traces with SE as error bars.
Anion channels in Conocephalum vacuole
with a putative regulatory subunit of the channel. Many ion channels are regulated, and thus can be blocked by interacting subunits. The binding of these regulatory subunits usually is via hydrogen bonds and other noncovalent interactions. High concentrations of divalent cations may reduce the strength of non-covalent interactions by screening negative surface charges. A high concentration of divalent cations could 'wash off' an inhibitory subunit, which would explain why Mg 2þ can be replaced by another ion once the channel is activated.
Routinely, 50 mM cytosolic Mg 2þ was used to activate negative vacuolar currents. While 5 mM Mg 2þ was still sufficient to activate negative currents, no activation was observed at 2 mM Mg 2þ (Fig. 3) . The loss of additional regulatory factors during vacuole isolation may explain why 2 mM Mg 2þ , which comes close to the cytosolic free Mg 2þ concentration (Yazaki et al. 1988 , Bru¨ggemann et al. 1999 , did not activate negative vacuolar currents. Formally, the Mg 2þ effect can be described by a simple binding isotherm with a K m of 11.4 mM (Fig. 3) . A concentration of 11.4 mM Mg 2þ is clearly above the estimated free cytosolic Mg 2þ concentrations of 1.0-2.0 mM (Yazaki et al. 1988 , Bru¨ggemann et al. 1999 , which means that, without taking into account as yet unknown additional regulatory factors, half-activation of the anion channels by Mg 2þ is not possible. In already activated channels, increasing cytosolic free Ca 2þ had little effect in the physiological range, while higher cytosolic free Ca 2þ concentrations (410 À5 M) significantly and reversibly increased anion currents (Fig. 10) . Interestingly, in nearly all reports concerning anion currents in plant vacuoles, magnesium was present in the medium at millimolar concentration. Pei et al. (1996) reported that anion channels in V. faba guard cell vacuoles are activated by CDPK, acting in concert with Ca 2þ (in the micromolar range) and ATP. To check whether phosphorylation-in addition to the activation by cytosolic Mg 2þ -is a component of anion channel regulation in Conocephalum vacuoles, we applied PKA. The catalytic subunit of PKA, which is a pre-activated form of the kinase that requires no cAMP, did not cause additional activation of the inward currents. The effect of cAMP alone on the inward currents was also negligible. Whether CDPK affects the inward currents in Conocephalum remains to be tested. Single-channel activity recorded under conditions favoring the activation of negative vacuolar currents ( Fig. 5; high MgCl 2 on the cytoplasmic side) demonstrated that the anion flux into the vacuole is carried by a channel of 32 pS unitary conductance at À100 mV. This anion channel showed a pronounced voltage-dependent gating with increasing open probability at more negative potentials. (Fig. 5D ). This voltage dependence observed at the single-channel level together with the open channel rectification explains the inward rectification of the negative currents registered in whole-vacuole recordings (Fig. 1) . Measurements with ion-selective microelectrodes and anion chromatography show that Cl À is accumulated inside the vacuole of Conocephalum (Trebacz et al. 1994 ). The Cl À activity is 7.4 mM in the cytoplasm and 43.7 mM in the vacuole (Trebacz et al. 1994 ). An opening of anion channels at vacuolar membrane potentials less negative than about -40 mV would allow an equilibration of this Cl The data from Figs. 1 and 2 clearly show that the negative currents characterized here are not carried by the SV channel. Time-dependent inward currents that were occasionally recorded from V. faba guard cell vacuoles, and which were attributed to the SV channel (Pei et al. 1999) , may well have been anion currents comparable with those presented here.
Anion channels of the tonoplast of Conocephalum resemble VMAL channels of higher plants. Among the similarities are the multiphasic kinetics, the inward rectification (Allen and Sanders 1997) and the blockage by anion channel inhibitors (Pantoja et al. 1992 ] cyt . This resembles the behavior of VMAL channels in Arabidopsis, which are activated by mal 2À but continue operating after substitution of malate with chloride (Cerana et al. 1995) . The anion channels in Conocephalum are weakly calcium dependent, like anion channels in higher plants (Iwasaki et al. 1992 , Cerana et al. 1995 , Cheffings et al. 1997 . They are able to conduct malate although with lower permeability as compared with inorganic ions (Cl À , NO À 3 and SO 2À 4 ). A cytoplasmic malate concentration as high as 50 mM does not activate the anion channels in Conocephalum. One may speculate that C. conicum, which is not a CAM plant, does not require high malate fluxes for stomata operation. Simply because it has no stomata, it did not develop special malate channels. In CAM plants, VMAL channels probably cooperate with other transporters of high homology to mammalian Na þ /bicarbonate symporters, found in A. thaliana (Emmerlich et al. 2003) . It was shown that mutants lacking the tonoplast malate transporter gene, AttDT, exhibited virtually unchanged VMAL channel activity (Hurth et al. 2005 ). Whether such a co-transporter exists in C. conicum tonoplast in addition to the anion channels remains to be elucidated.
In contrast to higher plants and C. conicum, anion channels from Chara cells possess quite different characteristics. They conduct Cl À preferentially from the vacuole to the cytosol in response to an increase of [Ca 2þ ] cyt (Tyerman and Findlay 1989 , Berecki et al. 1999 , Berecki et al. 2001 ). This allowed the postulation that these channels play a role in the tonoplast action potential (Kikuyama 1986 and Berecki et al. 1999) . Conocephalum, like Chara, is an excitable plant. The channels described here are unlikely to be involved in APs. They conduct Cl À in the opposite direction to that expected during the AP. However, as yet unknown factor(s) may shift the voltage dependence of the channel to more positive potentials, allowing anion efflux during the AP. The vacuolar anion channel is active at physiological [Ca 2þ ] cyt , and an increase in the cytosolic free Ca 2þ concentration to values occurring during APs (Trebacz et al. 1994 ) caused little further activation. This would, however, be expected if [Ca 2þ ] cyt was the signal to trigger the tonoplast AP.
The liverwort Conocephalum, belonging phylogenetically to the oldest terrestrial plants (Embryophyta), possesses vacuolar ion channels closely resembling those of higher plants and qualitatively different from Characean algae. This makes Conocephalum a suitable, simple model organism to study the principal properties of vacuolar ion channels in early land plants (Embryophyta).
Materials and Methods
Plant material
Conocephalum conicum L. collected in a natural habitat, i.e a forest near Zwierzyniec, Poland, was cultivated in a greenhouse. Plants grew in flat pots covered by transparent foil to reduce transpiration. Plants were watered every day with tap water. No additional illumination was applied during the growth period. The temperature was 23-258C in the day and 16-188C in the night. The humidity was kept between 70 and 90%.
Isolation of vacuoles
Vacuoles were obtained by a surgical method described by Trebacz and Scho¨nknecht (2000) . Fresh thalli were cut into squares of 5-8 mm. The fragments were then cut with a razor blade parallel to the main plane to expose 1-3 cell layers. The slices Anion channels in Conocephalum vacuole
